We identified MRG-1, a Caenorhabditis elegans chromodomain-containing protein that is similar to the human mortality factor-related gene 15 product (MRG15). RNA-mediated interference (RNAi) of mrg-1 resulted in complete absence of the germline in both hermaphrodite and male adults. Examination of the expression of PGL-1, a component of P granules, revealed that two primordial germ cells (PGCs) are produced during embryogenesis in mrg-1(RNAi) animals, but these PGCs cannot undergo mitotic proliferation, and they ultimately degenerate during post-embryonic development. Zygotic RNAi experiments using RNAi-deficient hermaphrodites and wild-type males demonstrated that MRG-1 functions maternally. Moreover, immunoblot analysis using mutant animals with germline deficiencies indicated that MRG-1 is synthesized predominantly in oocytes. These results suggest that MRG-1 is required maternally to form normal PGCs with the potential to start mitotic proliferation during post-embryonic development. q
Introduction
In most sexually reproducing animals, the germ cells are the only cells that can create a new organism, usually by union of haploid gametes produced from diploid germ cells, whereas all somatic cells, which can differentiate into various cell types and constitute an individual organism, eventually die in one generation. In this sense, the germline can be considered to be an immortal cell lineage. The germline is maintained by the properties of totipotent primordial germ cells (PGCs), which undergo continuous mitotic proliferation within the gonad, and some of which differentiate into gametes via meiosis. Many findings about germ cell formation have been obtained, mainly by genetic analysis using the fruit fly Drosophila (for review see Wylie, 1999) . The nematode Caenorhabditis elegans is another useful model organism in addition to Drosophila for analyzing the mechanism of germ cell formation (Sulston et al., 1983; Seydoux and Strome, 1999; Hubbard and Greenstein, 2000) . In C. elegans, as in Drosophila, specific localization of the maternal germ plasma components (P granules) in the fertilized egg is critical for specification of PGCs in C. elegans (Strome and Wood, 1982; Kemphues et al., 1988; Hird et al., 1996) . During the first four asymmetric cleavages of the fertilized egg, P granules are confined to one of the daughter cells, called the germline blastomeres. After the fourth cleavage, a single germ cell precursor, P4, is generated; it is the only cell containing P granules at this stage. The P4 cell divides symmetrically to produce two PGCs, Z2 and Z3, at about the 100-cell stage. Z2 and Z3 cells do not divide further throughout embryogenesis. At the first larval (L1) stage, the Z2 and Z3 cells are located in the gonad primordium in the mid-ventral region of the animal, and once L1 larvae start feeding, the cells resume mitotic proliferation to form the germline, and generate sperm at the fourth larval (L4) stage and oocytes during adulthood in hermaphrodites (Kemphues and Strome, 1997) .
Several maternal proteins are known to be important for germline formation in C. elegans. A maternally supplied transcriptional repressor, PIE-1, is required in the germline blastomeres to inhibit somatic differentiation (Mello et al., 1992 (Mello et al., , 1996 Batchelder et al., 1999) . MES-1, a receptor tyrosine kinase-like protein, is required for the proper asymmetric cleavages to produce the germline blastomeres (Capowski et al., 1991; Strome et al., 1995; Hird et al., 1996; Berkowitz and Strome, 2000) . Two maternal Polycomb group proteins, MES-2 and MES-6, are thought to establish specific gene expression for the viability of proliferating germ cells (Capowski et al., 1991; Garvin et al., 1998; Holdeman et al., 1998; Korf et al., 1998) . These maternal proteins can be considered to preserve the germline immortality by protecting the germline blastomeres from somatic cell fates and maintaining the germ cell viability.
We report here that a novel maternal protein, which we named MRG-1, is involved in the germline development in C. elegans. MRG-1 is a chromodomain-containing protein that is homologous to a human mortality factor-related protein, MRG15 (Bertram et al., 1999) , whose physiological function is unknown. By means of the RNA-mediated interference (RNAi) technique (Fire et al., 1998) , we analyzed the function of MRG-1 in C. elegans and found that maternally loaded MRG-1 is required to establish the ability of PGCs to start mitotic proliferation, but not to maintain germ cell proliferation, during post-embryonic development. We speculate that, by analogy with the known functions of other chromodomain-containing proteins, MRG-1 is responsible for chromatin remodeling in PGCs, possibly in collaboration with other germline-specific factors, through determining the ability of PGCs to initiate mitotic proliferation at the first larval stage.
Results

MRG-1 is homologous to the human MRG15 protein
Previous studies of the mechanisms of cellular senescence of somatic cells identified a mortality factor gene, MORF4, on human chromosome 4, as well as two other related genes, MRG15 and MRGX, on chromosomes 15 and X, respectively (Bertram et al., 1999) . These human genes encode very similar proteins, but the MRG15 and MRGX proteins have different extended amino-terminal regions. The two MRG proteins are thought to have function(s) related to but distinct from those of MORF4 because only MORF4 can induce a strong senescence-like phenotype (Bertram et al., 1999; Bertram and Pereira-Smith, 2001) . MRG15 is particularly intriguing in that it contains another known motif, the chromodomain, which is involved in the modulation of various aspects of chromatin functions in many organisms (Eissenberg et al., 1990; Gorman et al., 1995; Woodage et al., 1997; Nakayama et al., 2000; Smith et al., 2000; Zhao et al., 2000) . Chromodomain-containing proteins very similar to MRG15 have been predicted in other organisms such as Drosophila, C. elegans and fission yeast (Marin and Baker, 2000; Bertram and Pereira-Smith, 2001 ). Thus, MRG15 and its homologous proteins constitute a family conserved among a wide range of organisms, and thus may have a fundamental function.
The C. elegans MRG15-like gene has been registered as Y37D8A.9 in the genome database. The predicted Y37D8A.9 protein shares extensive similarity with human MRG15 and its homologous proteins from Drosophila and fission yeast (Fig. 1) , as shown by a recent phylogenetic analysis of proteins of the MRG family (Bertram and Pereira-Smith, 2001 ). Therefore, we named the Y37D8A.9 gene product MRG-1 (MRG family protein-1). MRG-1 is a predicted 335-amino-acid protein in the C. elegans wormpep database. However, our analysis of multiple cDNA clones corresponding to mrg-1 mRNA revealed that the 3 0 splice site of the third exon is located six nucleotides upstream of the predicted site. The resultant six-nucleotide insertion does not disrupt the predicted translational reading frame, and the predicted protein consequently has two additional amino acid residues (F215 and Q216). We therefore concluded that MRG-1 is a 337-amino-acid protein.
MRG-1 is required for post-embryonic germline formation in both sexes
When RNAi of mrg-1 was performed, almost all adult F1 progeny showed complete absence of the germline ( Fig. 2A ; Table 1 ). In these animals, neither mitotic germ cells nor mature gametes (oocytes and sperms) could be observed. In addition to the absence of the germline, mrg-1(RNAi) hermaphrodites showed slightly underdeveloped somatic gonads (Fig. 2B) . In wild-type hermaphrodites, each gonad arm bends dorsally at the distal end, but such bending did not occur in mrg-1(RNAi) hermaphrodites. However, RNAi of mrg-1 did not affect the production of the two distal tip cells (DTCs), as shown by the presence of two GFP-positive cells at the distal ends of the mrg-1(RNAi) hermaphrodite gonad when a strain carrying the lag-2::gfp transgene, a specific marker for DTCs (Henderson et al., 1994; Wilkinson et al., 1994) , was used for RNAi experiments (Fig. 2B) . The DTCs are somatic cells with a 'leader' function in hermaphrodite somatic gonad elongation (Kimble and White, 1981; Hedgecock et al., 1987) . Moreover, a similar incomplete bending of the distal ends of gonad was observed when both Z2 and Z3 PGCs were laser-ablated in wild-type animals ( Fig. 2C) . Therefore, we conclude that the phenotype of the somatic gonad structure caused by mrg-1(RNAi) is a secondary effect due to complete absence of germ cell proliferation. As far as we could see, there were no other developmental or behavioral defects in the mrg-1(RNAi) animals.
To confirm the effect of RNAi of mrg-1, we examined the expression of PGL-1, a component of germ cell-specific P granules, in mrg-1(RNAi) hermaphrodites by immunostaining with specific antibody against PGL-1 ( Fire et al., 1998; Kawasaki et al., 1998) (Fig. 3) . In mrg-1(RNAi) embryos, partitioning of PGL-1 into germline blastomeres was normal, and two PGL-1-positive cells were observed at the same positions as in wild-type embryos. These two cells are likely to be Z2 and Z3 PGCs, indicating that RNAi of mrg-1 does not affect the cell lineage of P blastomeres during embryogenesis. However, mrg-1(RNAi) larvae at the L1/L2 stages continue to have only two PGL-1-positive cells, as do embryos, although the PGL-1-positive cells seem to be located in the normal position in the gonad in the mid-ventral region. By contrast, wild-type larvae contain more PGL-1-positive cells at the L1/L2 stages as a result of mitotic proliferation of PGCs. More drastically, most mrg-1(RNAi) larvae at the L3/L4 stages and mrg-1(RNAi) adult hermaphrodites lack any PGL-1-positive cells, although a very small number (one to three) of PGL-1-positive cells were observed in the gonads of a small fraction of mrg-1(RNAi) adult hermaphrodites (not shown). As a result, mrg-1(RNAi) hermaphrodites were sterile (Table 1) . These results indicate that mrg-1(RNAi) severely blocks mitosis of PGCs at early larval stages, and that such arrested PGCs are likely to degenerate during late larval stages.
To assess the effect of RNAi on the male germline, hermaphrodites into which mrg-1 double-stranded RNA (dsRNA) had been injected were mated with wild-type males, and the resulting F1 males were examined ( Fig.  2A ; Table 1 ). About one-third of the F1 progeny were male, most of which were derived from cross-fertilization, because the incidence of male production by self-fertilization is extremely low (0.1%) in C. elegans (Hodgekin et al., 1979) . Most of the F1 males also showed absence of the germline, like the mrg-1(RNAi) hermaphrodites, as judged by PGL-1 antibody staining (not shown) and 4,6-diamidino-2-phenylindole (DAPI) staining. Thus, we concluded that MRG-1 is required for post-embryonic germline formation in both sexes.
MRG-1 functions maternally
To determine whether zygotic mrg-1 expression is required for germline formation, we performed zygotic RNAi experiments using an RNAi-deficient mutant strain (unc-32(e189);rde-1(ne219)), as described recently (Sawa et al., 2000; Herman, 2001) . In zygotic RNAi, zygotic effects of RNAi can be examined by supplying the rde-1 gene to the injected mutant hermaphrodites through mating with wild-type males to initiate RNAi zygotically. After RNAi-deficient mutant hermaphrodites into which mrg-1 dsRNA had been injected were mated with wild-type males, the resulting F1 progeny were examined (Table 1) . Since all of the F1 progeny did not show Unc phenotype, they were cross-fertilized animals in which RNAi must occur. Nevertheless, the F1 hermaphrodites did not show any abnormal phenotype in the germline. This result clearly demonstrated that zygotic mrg-1 expression is not required for PGCs to start mitotic proliferation and for the subsequent germline formation. Thus, MRG-1 functions maternally in the germline development.
MRG-1 level is regulated developmentally
To analyze the MRG-1 expression in C. elegans, we prepared an affinity-purified polyclonal antibody against MRG-1 and performed Western blot analysis using devel- opmentally synchronous populations of the animals (Fig.  4A) . Of the two proteins detected by the antibody, the smaller and more strongly reacting one (39 kDa) is MRG-1, as indicated by the facts that the protein had the expected molecular mass of MRG-1 and disappeared specifically when RNAi of mrg-1 was performed (Fig. 4B) . We do not know the identity of the more slowly migrating band. MRG-1 was clearly detected in embryos, L1 larvae and adult hermaphrodites, whereas it decreased drastically between the L2 and L4 larval stages. It was suggested that the Fig. 2 . RNAi of mrg-1 causes complete absence of the germline and slight underdevelopment of the somatic gonad. (A) Nomarski and DAPI staining views of mrg-1(RNAi) and wild-type animals of both sexes (hermaphrodite and male). Germline cells (indicated by white brackets) can be seen in wild-type animals but not in mrg-1(RNAi) animals. (B) Somatic DTCs in mrg-1(RNAi) and wild-type hermaphrodites carrying the lag-2::gfp transgene. Two GFP-positive DTCs can be seen separated from each other at the straight distal ends of the gonad in the mrg-1(RNAi) hermaphrodite, whereas the cells are seen close to each other in the wild-type gonad because of dorsal bending of the distal ends. Enlarged views of one of the DTCs are also shown. (C) Laser-ablation of both Z2 and Z3 PGCs induces incomplete bending of the distal ends of the gonad. Z2 and Z3 cells in wild-type L1 larvae carrying the lag-2::gfp transgene were laser ablated and the resultant adult hermaphrodites were observed. In (B,C), the gonadal edges are highlighted by white lines. Arrowheads indicate the position of the vulva. 
MRG-1 is expressed predominantly in oocytes
Our anti-MRG-1 antibody strongly stained mitotic and meiotic germ cells in adult hermaphrodites (not shown). However, since the anti-MRG-1 antibody cross-reacts with an unknown protein of 55 kDa, as shown in Fig. 4 , we could not conclude that MRG-1 is a germline-specific protein. Therefore, we examined the levels of MRG-1 by Western blot analysis in three temperature-sensitive mutants with distinct deficiencies in germline development (Fig. 5) . These mutant animals show the following phenotypes at the restrictive temperature: in glp-4(bn2) animals, mitosis of PGCs is very slow because of the reduced function of glp-4, resulting in only ten to 20 mitotic germ cells and no meiotic cells in the gonad at the young adult stage (Beanan and Strome, 1992) . In fem-3(e2006) animals, the male sexdetermination pathway is abolished because of the reduced function of fem-3, and only oocytes are produced (Hodgkin, 1986) . In fem-3(q20) animals, the male sex-determination pathway is constitutively activated because of the gain-offunction of fem-3, and only sperms are produced (Barton et al., 1987) . MRG-1 was detected in all of the mutant adult hermaphrodites at the permissive temperature and also in fem-3(e2006) mutant hermaphrodites at the restrictive temperature at similar levels as in wild-type hermaphrodites. At the restrictive temperature, MRG-1 could not be detected in glp-4(bn2) mutant animals. In fem-3(q20) mutant animals at the restrictive temperature, the level of MRG-1 was significantly reduced. These results demonstrate that MRG-1 is expressed predominantly in oocytes.
Discussion
We have shown that an evolutionally conserved mortality factor-related protein, MRG-1, plays an essential role in germline development in C. elegans. Consistent with this, we also showed, by using several mutants, that MRG-1 is especially abundant in oocytes. Of the known genes involved in C. elegans germline development, mrg-1 is unique in that its functional repression does not affect the germline blastomere lineage during embryogenesis, but completely blocks the start of PGC mitosis during postembryonic development.
The most significant phenotype of mrg-1(RNAi) is the almost complete absence of PGC proliferation during post-embryonic development. mrg-1(RNAi) appears not to affect formation of the germline blastomeres during embryogenesis, as evidenced by the presence of two PGL-1-positive cells in the embryos, the same as in wild-type embryos. After hatching, two PGL-1-positive cells are seen in the normal location in the mid-ventral region in mrg-1(RNAi) larvae at early larval stages, but the cells cannot proliferate even after the larvae begin to feed. The two PGL-1-positive cells disappear in mrg-1(RNAi) animals at a later larval stage, and the resulting adult hermaphrodites lack any sign of germ cells. These observations suggest that PGCs cannot undergo mitotic proliferation in the absence of MRG-1, and such abnormal PGCs degenerate at later larval stages. Therefore, MRG-1 may be involved in the signaling pathway that transduces signals from the somatic gonad to promote the mitotic entry of PGCs. Alternatively, MRG-1 may be required for the functioning of genes to promote the mitosis of PGCs.
MRG-1 functions maternally to give PGCs the ability to start mitosis at the first larval stage, because zygotic RNAi of mrg-1 did not suppress the start of PGC mitosis, and resulted in normal germline formation. In addition, the source of MRG-1 is mainly maternal, not paternal, because MRG-1 is as abundant in fem-3(e2006) mutant animals, which undergo only oocyte differentiation, as in wild-type animals, but much less abundant in fem-3(q20) animals which undergo only sperm differentiation. Thus, maternal requirement and accumulation in oocytes of MRG-1 suggest that MRG-1 is a germline-specific protein that is required for establishing the mitotic potential of PGCs during postembryonic development.
The mrg-1(RNAi) phenotype is clearly distinct from the phenotypes caused by mutations of known maternal genes involved in C. elegans germline development. Mutations of par genes and mes-1 lead to mislocalization of P-granules and abnormal cell lineages during embryogenesis, resulting in loss of germ cells, while mutations of other mes genes (mes-2, mes-3, mes-4, mes-6) lead to incomplete proliferation and degeneration of germ cells (Kemphues et al., 1988; Paulsen et al., 1995; Hird et al., 1996; Garvin et al., 1998; Holdeman et al., 1998; Korf et al., 1998; Berkowitz and Strome, 2000) . Collectively, PAR proteins and MES-1 are required for an early step (proper germline blastomere formation), whereas other MES proteins are required for a later step (viability of proliferating germ cells). Thus, maternal MRG-1 may link the two steps by establishing the proliferation potential of PGCs. This does not necessarily mean that maternal MRG-1 itself must be inherited by PGCs, like MES-2 is: it is also possible that MRG-1 functions indirectly via some other factor(s), and this factor may be inherited by PGCs and thereby establish the proliferation ability of the cells. In this respect, it will be of great interest to examine whether mrg-1(RNAi) affects the distribution of MES proteins in early embryos. In addition, whether MRG-1 is distributed specifically into PGCs, like MES-2, remains to be elucidated. Fig. 4 . Western blot analysis of MRG-1 expression using an affinity-purified anti-MRG-1 antibody. The positions of MRG-1 and a non-specific 55 kDa protein in each panel are indicated by an arrowhead and asterisk, respectively. (A) MRG-1 is abundant in embryos, L1 larvae and adult hermaphrodites, but is significantly reduced during the mid-larval stages (L2-L4). Stage-specific cell extracts (20 mg of total protein) were subjected to Western blot analysis. Coomassie brilliant blue staining of the same blot is shown below. E, embryos; L1, first larval stage; L2, second larval stage; L3, third larval stage; L4, fourth larval stage; AD, adult stage. The size of each band is shown on the left. (B) MRG-1 is significantly reduced in mrg-1(RNAi) hermaphrodites. Eighty each of wild-type and mrg-1(RNAi) adult hermaphrodites were boiled and subjected to Western blot analysis. Fig. 5 . Western blot analysis using affinity-purified anti-MRG-1 antibody and extracts from fem-3(q20), fem-3(e2006) and glp-4(bn2) adult hermaphrodites grown at permissive (168C) and restrictive (258C) temperatures. Arrowhead and asterisk indicate MRG-1 and non-specific 55 kDa protein, respectively. The size of each band is shown on the left. In each lane, eighty each of wild-type and mutant adult hermaphrodites were directly boiled in SDS-PAGE sample buffer and then subjected to Western blot analysis.
Another phenotype of mrg-1(RNAi) is slight underdevelopment of the gonad arms. This might be interpreted as indicating that MRG-1 has a role in somatic gonad cells. However, this is unlikely because MRG-1 is expressed predominantly in the germline. Instead, the results of laser-ablation experiments indicate that the phenotype is a secondary effect due to the complete absence of the germline in the gonad. Proliferating germ cells and somatic gonad cells may cross-talk with each other to generate the structurally and functionally normal gonad.
In this study, we found developmental regulation of the level of MRG-1. MRG-1 was detected in embryos, L1 larvae and adult hermaphrodites, but not in L2-L4 larvae. This developmental expression pattern is consistent with the finding that MRG-1 is mainly synthesized in oocytes and functions maternally to establish the proliferation potential of PGCs. It is likely that most MRG-1 found in L1 larvae is maternally distributed into somatic cells during embryogenesis. The reason for the evolution of the downregulation of MRG-1 during mid-larval stages may have been to eliminate some deleterious effects of MRG-1. The downregulation system may operate to remove such carry-over MRG-1 in somatic cells, which would otherwise impair proper somatic differentiation.
MRG-1 contains a chromodomain, which is likely to be involved in molecular interactions (Koonin et al., 1995) , suggesting that MRG-1 may function in a complex with other proteins. In this regard, it is worth noting that Drosophila MSL-3 and budding yeast Eaf3p, which share moderate similarity with MRG-1, are chromodomain-containing proteins that are known to be components of the histone acetyltransferase complex which functions in the regulation of dosage compensation in Drosophila and of expression of a set of specific genes in yeast (Gorman et al., 1995; Eisen et al., 2001) . Thus, MRG-1 may associate with chromatin via interactions with various molecules, and function to remodel the chromatin organization in PGCs when the cells are established during embryogenesis, and thereby modulate the expression of genes that function in mitotic proliferation, such as cell cycle control genes, during post-embryonic germline development. Searching for molecules that interact with MRG-1 will be of great help in elucidating the molecular mechanism of the function(s) of MRG-1.
Our finding of the essential function of MRG-1 in C. elegans germline development may provide insights into the functions of the conserved family of MRG-1-like proteins in other species. In humans, MRG15 was identified based on the similarity of its gene sequence to that of MORF4, a protein that induces cellular senescence in some immortal cell lines (Bertram et al., 1999) . Considering that it contains a chromodomain, like MRG-1, MRG15 may be involved in regulating gene expression that supports cell proliferation, and MORF4 may regulate MRG15 negatively, thereby exerting a mortality function, because the major difference of MORF4 from MRG15 is the absence of the chromodomain. Assuming that specific determinants are commonly used to produce PGCs, MRG15 may have an identical role to MRG-1 in germ cell development in Drosophila. The fission yeast MRG-1-like protein Alp13 may have a more fundamental role in cell proliferation in this unicellular organism. Further studies of the functions of these proteins, including MRG-1, may provide important clues for understanding general mechanisms underlying the regulation of cell proliferation.
Experimental procedures
Strains and maintenance
The wild-type strain C. elegans var. Bristol N2 and the mutant C. elegans strains were maintained on NGM agar plates seeded with Escherichia coli strain OP50 as described (Brenner, 1974) . Mutant strains (glp-4 (bn2), fem-3 (e2006) and fem-3(q20)) were obtained from the Caenorhabditis Genetics Center and cultivated at the permissive temperature (168C) or the restrictive temperature (258C). The mutant strain carrying unc-32(e189);rde-1(ne219) was kindly provided by Hitoshi Sawa. The strain carrying the lag-2::gfp transgene was kindly provided by Judith Kimble.
Molecular methods and cDNA cloning
Standard molecular biology methods were performed as described by Sambrook and Russell (2001) , and standard C. elegans methods were performed as described by Hope (1999) . For cloning mrg-1 cDNA, reverse transcriptase polymerase chain reaction (RT-PCR) was performed using mixed-stage total RNA and the following oligonucleotide primers: 5 0 -ATG CGG CCG CAT GTC TTC AAA GAA GAA CTT CG-3 0 and 5 0 -ATG AAT TCC TAT TGA TTC GCT CCA ACT C-3 0 . The amplified cDNA was cloned into pGEM-T Easy vector (Promega).
Preparation of fusion proteins and antibody production
A His-tagged fusion protein for antibody production was purified from E. coli BL21(DE3) harboring the pET28a plasmid (Novagen) containing an mrg-1 cDNA fragment encoding amino acids 1-337. Rabbits were immunized with the purified His-tagged MRG-1. Anti-MRG-1 antibody was affinity-purified using a GST fusion protein, GST-MRG-1(63-337), which had been purified from E. coli XL-2 Blue harboring the pGEX4T-3 plasmid (Pharmacia) containing an mrg-1 cDNA fragment encoding amino acids 63-337.
Light microscopy and laser ablation
Staining with DAPI was performed as described by Graham and Kimble (1993) . Worms were mounted on agarose pads and examined using Nomarski and fluorescent optics. For laser ablation experiments, L1 larvae carrying the lag-2::gfp transgene were mounted on 5%-agar pads containing M9 with 10 mM sodium azide as an anesthetic. Z2 and Z3 cells were ablated using the Micropoint Ablation laser system (Photonic Instruments), as described (Bergmann and Avery, 1995) . Four or 5 days after ablation, treated animals were examined.
Immunological analysis
Isolation of worms at specific developmental stages was performed as described (Hope, 1999) . Protein extracts were prepared by sonicating worms which had been suspended in buffer A (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% NP-40, 1 mM DTT, 1 mM EDTA, 0.2 mM PMSF, 5 mg/ml aprotinin, 5 mg/ml leupeptin), followed by centrifugation. The concentration of total protein in cell extracts was measured using a Protein Assay kit (Bio-Rad). Stage-specific extracts containing 20 mg of total protein were electrophoresed on 12% SDS-polyacrylamide gels and then subjected to Western blot analysis using anti-MRG-1 antibody. Visualization was performed using an ECL chemiluminescence kit (Amersham Pharmacia). Indirect immunostaining with anti-PGL-1 antibody was performed as described (Kawasaki et al., 1998) . Rhodamine-labeled anti-rabbit IgG antibody (Sigma) was used as the secondary antibody. PGL-1 staining for larval stages was performed using two mixed populations containing L1/L2 larvae and L3/L4 larvae.
RNAi analysis
dsRNA corresponding to the full-length coding region of mrg-1 cDNA was prepared by hybridizing sense and antisense RNAs which were synthesized by in vitro transcription. dsRNA (0.5 mg/ml) was microinjected into the gonad arms of young adult hermaphrodites. Sixteen hours after injection of dsRNA, worms were transferred to fresh plates. Eggs laid by the injected animals during the next 8 h were examined as F1 progeny, in the case of zygotic RNAi. In the case of mating of injected hermaphrodites with males, one injected hermaphrodite was mated with five wild-type males for 20 h, and the progeny that were produced during the subsequent 20 h was examined.
